In common with all nonenveloped viruses, the mechanism of picornavirus membrane penetration during cell entry is poorly understood. The small, myristylated capsid protein VP4 has been implicated in this process. Here we show that recombinant VP4 of human rhinovirus 16 has the ability to associate with and induce membrane permeability in otherwise intact liposomes. This provides further evidence that VP4 plays a key role in picornavirus cell entry.
In common with all nonenveloped viruses, the mechanism of picornavirus membrane penetration during cell entry is poorly understood. The small, myristylated capsid protein VP4 has been implicated in this process. Here we show that recombinant VP4 of human rhinovirus 16 has the ability to associate with and induce membrane permeability in otherwise intact liposomes. This provides further evidence that VP4 plays a key role in picornavirus cell entry.
Human rhinoviruses (HRVs) are a major cause of the common cold and belong to the picornavirus family. Picornaviruses provide good models for studying nonenveloped virus cell entry since they are among the simplest viruses of this type, they have been well characterized biochemically, and the structures of many, including several serotypes of HRV, have been solved at high resolution (20, 23, 27, 33, 34) . Picornaviruses have icosahedral capsids composed of 60 copies of each of the structural proteins, VP1, VP2, VP3, and the small N-terminally myristylated protein VP4, which together enclose a singlestranded positive-sense RNA genome of between 7 and 8.5 kb. Cell entry by HRV involves uptake by the clathrin-mediated endocytic pathway (10, 29) , followed by uncoating and delivery of the genome across the endosome membrane into the cytoplasm.
There are over 100 serotypes of HRV, which can be grouped according to receptor usage (32) . Minor-group viruses such as HRV2 use the low-density lipoprotein receptor family as receptors. They are acid labile and have an absolute dependence on low pH for uncoating (24) . During infection, the process of uncoating leads to the delivery of the HRV2 genome into the cytoplasm from within the intact endosome, through a sizeselective pore in the endosome membrane (3, 25) . However, the mechanism of the formation of this pore remains unknown.
Major-group viruses such as HRV14 and HRV16 use intercellular adhesion molecule 1 (ICAM-1) as their receptor. They are also generally acid labile but, unlike the minor-group viruses, do not have an absolute dependence on low pH for uncoating (1) . For example, receptor binding at neutral pH is sufficient to initiate the uncoating of HRV14 in vitro (19) , similar to the situation with the closely related poliovirus (PV). During infection, uncoating of HRV14 leads to the delivery of the genome to the cytoplasm by a mechanism that appears to completely disrupt the endosome membrane (28) . The mechanism for producing such a membrane alteration remains unclear.
In addition to these findings with HRV, studies with PV have also provided information about early events in virus entry (4, 6, 18) . During the uncoating of either HRV or PV, native virus (which sediments at ϳ160S) is converted to an altered particle (ϳ135S). For PV, VP4 has been released from the altered particle to become associated with the membrane (8, 31) . The hydrophobic N termini of the VP1 proteins have also become externalized and allow the particle to interact directly with the membrane (12, 31) . Further alterations in the particle ultimately result in an empty capsid (ϳ80S) which in the case of HRV has lost some or all of its VP4 and contains pores at the fivefold axes through which the RNA genome is thought to have been released (17) . The mechanisms of the release of RNA from the particle, the permeabilization of the endosome membrane, and the coordination of these events (to provide safe passage of RNA from the particle to the cytoplasm) remain unclear.
The interaction of VP4 with membranes following its release from the particle suggests a potential role for VP4 in the membrane alterations required for genome transfer. Indeed, a specific mutation in VP4 of PV prevents the formation of membrane-spanning channels in model membranes and also prevents productive genome delivery to the cytoplasm of the cell (8) . There is therefore evidence for a link between VP4-mediated membrane permeability and genome delivery. However, the precise role of VP4 in picornavirus genome delivery has yet to be established.
We describe here the expression of recombinant HRV16 VP4 as a glutathione S-transferase (GST) fusion protein, VP4GST, and an investigation of its ability to interact with and induce permeability in lipid membranes in the form of liposomes.
Preparation of recombinant VP4. The sequence encoding HRV16 VP4 was amplified from an infectious clone of the virus (21) by PCR using primers VP4F (5ЈATATGCTAGCC TCGCCATGGGCGCTCAAGTATCTAGACAGAATGTTG G3Ј) and VP4R (5ЈGGATCCACGCGGAACCAGATGGTG ATGGTGATGGTGTTGCAGAGTGGGTATGCCTTTCTC C3Ј). GST was amplified by PCR using primers GSTF (5ЈCA CCATCACCATCACCATCTGGTTCCGCGTGGATCCAT GTCCCCTATACTAGGTTATTGG3Ј) and GSTR (5ЈTATA GCGGCCGCCTCGAGTCAATCCGATTTTGGAGGATG G3Ј) from pGEX 4T-1 (Invitrogen). These PCR products were used as overlapping templates (underlined regions denote complementary primer sequences) in a further PCR to produce a cDNA encoding VP4GST, which was cloned into pET23d (Novagen) using restriction sites NcoI and XhoI, producing pET-VP4GST. Unmyristylated VP4GST or GST was expressed in BL21(DE3) Rosetta Escherichia coli transformed with pET-VP4GST or pGEX 4T-1, respectively. Myristylated VP4GST was produced in the same host by cotransformation with a plasmid encoding N-myristyltransferase (pET-NMT) (9, 11) . Expression was induced by the addition of 1 mM isopropyl ␤-D-1-thiogalactopyranoside. Myristic acid was added to a final concentration of 5 g/ml to cells cotransformed with pET-NMT. Soluble VP4GST or GST was purified from lysates by glutathione affinity chromatography using standard methods and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 1A) . The myristylation of VP4GST was confirmed using slow-crystallization matrix-assisted laser desorption ionization mass spectrometry (2) . By this method, the mass of myristylated VP4GST was measured as 34,670 Ϯ 29 Da and that of unmyristylated VP4GST as 34,472 Ϯ 57 Da. The difference in molecular mass is consistent with the addition of myristic acid (205 Da).
VP4GST-membrane interaction is mediated by VP4. Following its externalization from PV, VP4 has been shown to partition into either cellular (8) or liposome (31) membranes. We therefore determined whether the recombinant VP4GST used in this study could also interact with liposomes. Liposomes were formed from phosphatidic acid (PA) and 0.5% (wt/vol) lissamine rhodamine B-labeled phosphatidylethanolamine by previously described protocols (30, 31) . Briefly, chloroform was evaporated to leave a thin film of lipid that was dried under vacuum before being rehydrated in 100 mM KCl-10 mM HEPES, pH 7.4. Unilamellar liposomes were formed by extrusion through a 400-nm-pore-size filter. To detect protein-membrane interactions, liposomes (100 g, approximately 1.4 mM) were mixed with VP4GST or GST at approximately 3 M and incubated at room temperature for 30 min before membraneassociated protein was separated from free protein by lipid flotation through a Ficoll gradient, as previously described (31) . Gradients were fractionated from the top and analyzed for liposomes by rhodamine fluorescence (544/590 nm) and for protein by Western blotting using GST-reactive antiserum (15) . The majority of either myristylated or unmyristylated VP4GST comigrated with liposomes (Fig. 1B) to a Ficoll/ buffer interface (corresponding to gradient fraction 2) and was therefore deemed to be liposome associated. GST showed no such lipid association in this assay, confirming that the association of VP4GST with liposomes was mediated by the VP4 component. Some protein preparations contained a low-molecular-weight form of VP4GST (Fig. 1A ) that was reactive with both anti-VP4 and anti-GST sera (data not shown) and that also retained the ability to interact with liposomes (Fig.  1B) . Higher-molecular-weight material was also detected in liposome fractions (Fig. 1B) and may represent multimeric forms of VP4GST.
VP4GST induces membrane permeability in a concentration-and myristylation-dependent manner. There is existing evidence for the involvement of VP4 in the formation of membrane channels by PV (8) . Having shown that VP4GST associated with liposomes, we therefore examined the effect of this interaction on membrane permeability by using a liposome dye release assay. Liposomes comprising a 1:1 molar ratio of PA and phosphatidylcholine with 0.5% (wt/vol) rhodamine B-labeled phosphatidylethanolamine and enclosing 50 mM (selfquenching) carboxyfluorescein (CF) were generated by rehy- dration in 50 mM CF-10 mM HEPES, pH 7.4 (PA liposomes were refractory to preparation with high concentrations of internal CF). After extrusion, CF-containing unilamellar liposomes were isolated from extraneous dye by washing four times in 107 mM NaCl-10 mM HEPES (pH 7.3) by pelleting at 100,000 ϫ g and 20°C for 15 min. The level of rhodamine fluorescence in purified liposome preparations was used to estimate the lipid concentration relative to the initial rehydrated lipid.
Liposomes (25 M lipid) were mixed at approximately 25°C with VP4GST or GST or mock treated. Membrane permeability was detected as the movement of quenched CF from inside the liposome to become dequenched on release to the outside, with a subsequent increase in fluorescent signal (485/520 nm) that was recorded using a 96-well fluorimeter (BMG FluoStar). At a concentration of 300 nM, both myristylated and unmyristylated forms of VP4GST induced the relatively rapid release of CF from liposomes ( Fig. 2A) , with the initial rates of release being approximately six-to sevenfold higher than the background level of release induced by GST (Fig. 2C) . At this concentration, the presence of myristate therefore appeared not to be required for VP4 function in this assay. When used at a 10-fold-lower concentration (30 nM), myristylated VP4GST still induced a more rapid and extensive permeability than GST; however, unmyristylated VP4GST was no more effective than GST alone ( Fig. 2B and C) . Thus, at the lower concentration, myristylation of VP4 is required for optimal activity. When the concentration was further reduced to 3 nM, CF release could not be reproducibly detected. Similar overall results were obtained at 37°C (data not shown), suggesting that physiological temperature is not a requirement for membrane permeability in this assay. The kinetics of VP4-induced CF release appeared broadly comparable to that of CF release induced by the well-characterized pore-forming peptide melittin (Fig. 2B) (26) .
Liposomes permeabilized by VP4GST remain intact. Previous studies have reported either the formation of size-selective membrane pores in intact endosomes during entry of HRV2 (3, 25) or the disruption of endosomes during entry of HRV14 (28) . In order to determine whether liposomes remained intact or were disrupted by interaction with VP4GST, we investigated their properties by using flow cytometry.
Liposomes (25 M lipid) containing 1.6 mM (unquenched) CF were mixed at room temperature with VP4GST or GST or were mock treated. After 10 min, anti-GST antibodies (murine; Serotec) were added, followed after an additional 10 min by labeled secondary antibodies (anti-mouse Alexafluor 633; Invitrogen). After a further 10 min, liposomes were analyzed by flow cytometry (BD FACSaria and FACSDiva). Liposomes were detected by forward and side scattering of light and by the fluorescent signal derived from enclosed CF (488/525 nm). The interaction between proteins and liposomes was detected by the additional fluorescent signal from immunostaining with anti-GST (633/647 nm).
After the addition of VP4GST, liposomes were simultaneously found to have bound high levels of protein, increased in granularity, and lost the majority of their internal contents while remaining intact (Fig. 3) . They could be physically sorted into distinct populations by, for example, their reduced internal fluorescence, and liposomes that had been permeabilized could still be sorted and reanalyzed, therefore confirming liposome integrity (data not shown). The formation of distinct populations of liposomes with either low or high levels of protein binding indicated that there may be a cooperative interaction of proteins with the membrane. The release of internal contents from within intact liposomes strongly suggests a controlled mechanism of permeability such as the formation of a membrane pore. At protein concentrations of 30 nM, typically 40% of intact liposomes had lost on average 90% of their internal fluorescence, compared with 10 to 15% of liposomes mixed with GST alone. The loss of the majority of proximately 2,000:1. However, the number of functional poreforming units per liposome would be only a fraction of this, because for pore formation to occur, a number of molecules would be required to specifically interact as a multimeric complex.
In contrast to following the kinetics of dye release in real time (Fig. 2) , differences between the effects of myristylated and unmyristylated forms of VP4GST were not discernible by flow cytometry (Fig. 3) , although both proteins clearly induced permeability beyond that of GST alone. The inability of this assay to discriminate between the presence or absence of myristate presumably reflects the fundamental differences between the endpoint analysis of the flow cytometry and the kinetic analysis of the real-time assay.
At protein concentrations 10-fold higher (300 nM), two very similar populations of liposomes were also observed by flow cytometry (data not shown). However, at this increased concentration of protein, no significant additional effect was observed over that already seen at 30 nM. This was in contrast to the findings of the kinetic assay, where the higher protein concentration produced a more rapid and extensive permeability. It is possible that the increased rate of CF release seen at 300 nM in the kinetic assay was due to a large-scale membrane disruption, such that these liposomes were no longer intact and were below the size limit for detection by flow cytometry. In support of this hypothesis, we have observed the release of high-molecular-weight dextran molecules from liposomes together with electron microscopy evidence of their disruption in the presence of very high concentrations of VP4GST (data not shown).
It is tempting to speculate that permeability induced by low concentrations of VP4GST is due to the formation of discrete membrane pores, which may require myristylated VP4, while permeability at higher concentrations may be due to a less specific membrane disruption which is independent of myristylation. This hypothesis would also reconcile the apparently conflicting evidence for pore formation by HRV2 (and PV) and endosome disruption by HRV14 during the entry process. Existing analyses of several picornavirus empty particles (13, 14, (16) (17) (18) (19) suggest that variable proportions of the 60 VP4 molecules present in virions are released during entry. This could influence the endosomal VP4 concentration, creating a preference for either pore formation or membrane disruption. Sixty VP4 molecules in a 350-nm-diameter endosome would generate an estimated concentration of 14 M (or less if release of VP4 was incomplete), which is reasonably close to the concentrations of recombinant protein used in this study.
Alternatively, these different modes of membrane permeability may simply be the result of variation between different viruses. HRV2 and HRV16 are closely related and differ by only 5 amino acids in VP4; HRV2 and HRV14 are more distantly related and differ by 31 amino acids. However, the properties of variant amino acids are largely conserved, with the result that structure predictions for these proteins are indistinguishable. Despite this, there may be subtle functional differences between these VP4 proteins. The effects of sequence variation in VP4, including the effect of VP4 mutations known to influence the properties of PV VP4, are the subject of further investigation.
The results of this study suggest that VP4 has the intrinsic ability to bind lipid membranes, resulting in their permeabilization. When the N-terminal myristylation of VP4 was first demonstrated, it was suggested that this modification may be important for membrane association (7) . More recently the myristylation of a recombinant VP4-green fluorescent protein fusion protein was shown to be required for membrane targeting within the cell (22) . Our current findings provide the first confirmation of a specific functional role for the myristate in VP4 membrane activity. This report provides further evidence that VP4 is directly involved in mediating membrane penetration during cell entry, in agreement with previous hypotheses (5, 18) . The possibility that VP4-liposome interactions may result in alternate, concentration-dependent mechanisms of membrane permeability provides a potential explanation for the differences observed between the entries of otherwise very similar viruses.
